Abstract The meteoric metal layers (Na, Fe, and K)-which form as a result of the ablation of incoming meteors-act as unique tracers for chemical and dynamical processes that occur within the upper mesosphere/lower thermosphere region. In this work, we examine whether these metal layers are sensitive indicators of decadal long-term changes within the upper atmosphere. Output from a whole-atmosphere climate model is used to assess the response of the Na, K, and Fe layers across a 50 year period . At short timescales, the K layer has previously been shown to exhibit a very different seasonal behavior compared to the other metals. Here we show that this unusual behavior is also exhibited at longer timescales (both the~11 year solar cycle and 50 year periods), where K displays a much more pronounced response to atmospheric temperature changes than either Na or Fe. The contrasting solar cycle behavior of the K and Na layers predicted by the model is confirmed using satellite and lidar observations for the period 2004-2013. 
4 years later [Dhomse et al., 2013] . The spatiotemporal concentrations of these metals are dependent on both chemistry and dynamics; the observation and accurate modeling of such neutral metal layers permit an increased understanding of such processes affecting the MLT region Marsh et al., 2013; Plane et al., 2014 Plane et al., , 2015 Langowski et al., 2015] .
Much of the study of the metal layers to date is as a result of lidar observations [e.g., Megie and Blamont, 1977; Eska et al., 1998 Eska et al., , 1999 Gerding et al., 2000; Gardner et al., 2005; Höffner and Lübken, 2007; Chu et al., 2011] , laboratory measurements [e.g., see Cox and Plane, 1997] , and satellite observations [e.g., Fussen et al., 2004 Fussen et al., , 2010 Fan et al., 2007; Gumbel et al., 2007; Hedin and Gumbel, 2011; Dawkins et al., 2014; Langowski et al., 2014 Langowski et al., , 2015 . Such studies have revealed that notable differences exist between the metals in terms of their atmospheric abundance and seasonal variation [e.g., see Gerding et al., 2000; Plane, 2003; Plane et al., 2014] . Whole-atmosphere modeling with the National Center for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model (WACCM) and the input of metal chemistry modules (for Na, K, Fe, and Mg) offer an excellent opportunity to test our understanding of this poorly understood region via comparison with available measurements.
The aims of this work are twofold: to explore the comparative responses of individual metal species to both the~11 year solar cycle and longer-term changes and to assess whether any of these metals act as sensitive indicators of climate change. In section 2, the suitability of using WACCM as a tool to study the long-term response of the Na, Fe, and K metal layers, and the resulting predictions of the model over a 50 year period, are examined. In section 3, the modeled responses of the Na and K layers to the solar cycle are compared with observations between 2004 and 2013. The summary and conclusions are then presented in section 4.
Long-Term Trends in the Metal Layers

The Use of WACCM for Long-Term Trend Studies Within the MLT Region
NCAR WACCM is a comprehensive coupled chemistry-climate model and is part of the Community Earth System Model framework. The standard model extends from the Earth's surface up to~140 km, with a horizontal resolution of 1.9°latitude × 2.5°longitude and 66 vertical levels with a vertical resolution of approximately 1.5 km in the lower atmosphere and 3.5 km in the MLT region. WACCM consists of a fully interactive chemistry scheme and includes shortwave heating and photolysis from the visible to extreme UV . Above 60 km, it incorporates non-LTE (local thermal equilibrium) IR transfer. It includes a parameterization for gravity waves from convection and fronts (and their subsequent breaking within the mesopause region) and includes thermospheric processes such as aurora, ion chemistry, and molecular diffusion. Metal chemistry modules have been added for Na , Fe , Mg [Langowski et al., 2015] , and K , and these studies demonstrate that WACCM is able to adequately simulate the seasonal distribution of these metal layers.
In this section, output from a free-running version of NCAR WACCM is employed to investigate long-term trends in the Na, Fe, and K metal layers over a 50 year period . The employed standard WACCM model component set uses the prescribed sea surface temperatures and ocean and ice coverage and interactive community land model with daily solar data and solar proton events . The longer-term changes in these metal layers are examined in context relative to the changes in temperature and other minor chemical constituents relevant to the metal chemistry. Key questions to be addressed include the following: Do the metal layers display different long-term trends in column density compared to one another? What are the driving factors for the behavior? Are there changes in the metal layer characteristics, such as the centroid altitude and root-mean-square (RMS) width, and is this consistent with the observed and modeled changes in the MLT region?
Previous work by Garcia et al. [2007] has shown that WACCM is capable of adequately simulating the observed long-term trends in both temperature and O 3 . Decadal temperature trends are determined using a linear regression of the annual means, and an example high-latitude (60-90°N) WACCM-simulated decadal temperature trend (across the 1955-2005 period) is presented in Figure 1 . A warming trend occurs within the troposphere, with a maximum warming of approximately +0.22 K decade À1 below 5 km altitude (mean temperature change of +0.19 K decade À1 between 0 and 10 km). In the stratosphere above the tropopause region, cooling trends dominate with a maximum rate of~À0.9 K decade À1 at~45-50 km, which is 
Detecting Long-Term Linear TrendsintheModeledMetalLayers
In order to detect long-term linear trends in a data set (e.g., over a 50 year period), other sources of variation within the data must first be removed. The dominant sources include both the annual cycle monthly variation and any variation associated with the solar cycle. The seasonal variations are removed by considering only annual means.
To determine the linear trend and solar cycle response in either temperature or a constituent, we use a multilinear regression fit to the time series of annual means of the following form:
where y(t) is the data time series; S(t) is the solar irradiance, which is approximated by the annual mean of the 10.7 cm flux (F 10.7 ); and t is the time in years since 1955. Coefficient a is the value of the fit at 1955, b is the linear trend term (per year), and c is the solar coefficient reported in units of 100 solar flux units (100 sfu; 1 sfu = 10 À22 W m À2 Hz
À1
).
Figure 2a provides an example of a multilinear regression fit to the WACCM K annual zonal mean column density time series for 60-90°N. The linear and solar trend components, their associated errors, and the R 2 term of the multilinear regression model are reported; within this latitude range, the K column density is increasing at a rate of approximately + (3.48 ± 0.42)% decade
, with a solar signal of À(0.12 ± 0.02)%/100 sfu. The R 2 term has a value of +0.905 (p < 0.01) indicating that the multilinear regression model generally represents the original WACCM data well.
The same technique is also used for WACCM-modeled output for Na and Fe (also shown in Figure 2 ). In these cases, the least squares expression does not adequately capture the temporal variation seen in the annual WACCM data. A fast Fourier transform (FFT) spectral analysis was performed for each of the example (60-90°N) plots to analyze whether there are any hidden variations in the original monthly time series not accounted for within the Na and Fe data, which would result in an improved multilinear model fit. The results for these FFTs are presented in the supporting information ( Figure S1 ). +0.079 < R 2 < +0.441) for Na and +0.376 < R 2 < +0.564 (full range: +0.249 < R 2 < +0.622) for Fe). Taking into account only those results that are statistically significant, the K linear trends typically range between a factor 3 and 36 times larger in magnitude than those of Na and Fe, varying with latitude. Overall, the results indicate that the K column densities have increased by approximately +15-17% depending on latitude across the 50 year period, compared to the Na and Fe layers where trends vary between À5% and +4%.
In order to better understand the causal mechanisms behind these different trends, it is important to examine the long-term changes in temperature and other chemical species relevant to the respective metal chemistry across the same study period. A similar multilinear regression annual trend analysis was therefore performed for the WACCM-simulated temperatures at 87, 90, and 95 km (temperatures were determined on a constant altitude level), both stratospheric (10-50 km) and MLT region (75-105 km) O 3 partial column densities, and CO 2 and H 2 O column density trends in the MLT, all as a function of latitude band. A summary of these derived trends is presented in Tables 2 and 3 . The simulated temperatures indicate a mean decadal global cooling rate of À0.31 K, À0.48 K, and À0.57 K, for the selected altitudes of 87, 90, and 95 km, respectively. It should be noted that a similar global cooling trend is found when considering mean decadal temperature change on constant pressure levels associated with these altitudes, with cooling rates of À0.34 K, À0.33 K, and À0.63 K at constant ) along with the associated error of the fit. The middle value indicates the 11 year solar cycle trend component (units: % (100 sfu) À1 ) and associated error, while the R 2 value of the multilinear regression fit is shown as the lowermost value. All values given to three decimal places. A summary of the relationship between the metals and temperature is presented in Figure 3 , while the relationship between the metals and the other main chemical species is presented in Figure 4 . For both figures, the correlation coefficient between the metal and the variable (either temperature or other chemical species) is shown as a function of latitude, with significant correlations (where the p value <0.05) indicated. K column density exhibits a significant and strong negative correlation with temperature at all altitudes, with a mean coefficient value of approximately À0.89. Figure 4 shows that K is the only metal to show a highly significant negative correlation with both stratospheric and mesospheric O 3 at all latitudes (mean values of approximately À0.53 and À0.88, respectively), while both Na and Fe show weak largely nonsignificant weaker relationships, which depend on latitude. All metals display a weak anticorrelation with CO 2 , with mean global coefficient values of À0.345, À0.472, and À0.489 for K, Na, and Fe, respectively (taking into account only those coefficients which are statistically significant). K is the only metal to show a consistent positive correlation with H 2 O (mean value of +0.361), while both Na and Fe exhibit no overall significant relationship. 
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Attributing Causal Mechanisms to Explain the Different Long-Term Behavior
With a long-term response an order of magnitude larger than that of Na or Fe, it is clear that K is the only metal to exhibit a pronounced response to climate change over the 50 year study period ) (see Table 1 ). An explanation for this differential response is likely found in the different temperature dependency of the K layer chemistry compared to both Na and Fe; this is outlined in Plane et al. [2014] and is summarized here. Neutral chemistry dominates on the underside of the layer and for each of K, Na, and Fe, where reactions with O 3 , O 2 , H 2 O, and CO 2 convert the metal atoms into the major metal reservoirs KHCO 3 , NaHCO 3 , and FeOH . These reservoir species can be converted back to the neutral metal (hereafter, Mt) via photolysis:
or via reaction with H:
For Na, (R2) has an activation energy of approximately 9.7 kJ mol À1 [Cox et al., 2001] . Hence, this reaction becomes very slow during the cold temperatures of the summertime mesopause, resulting in a buildup of NaHCO 3 relative to atomic Na. Similarly, the analogous reaction of FeOH also has a relatively small activation energy of 10.5 kJ mol À1 . In contrast, the activation energy for the KHCO 3 + H reaction is so large (~34 kJ mol
À1
) that the reaction is too slow to influence the K layer even at the warmer temperatures of the wintertime MLT. The only way that KHCO 3 is converted back to atomic K is via photolysis. As none of the reactions which convert K to KHCO 3 has significant temperature dependencies, the overall result is that the neutral K chemistry on the underside of the layer is essentially temperature independent.
On the topside of the metal layers, ion chemistry dominates, and Mt + ions are formed as a result of both photoionization and charge transfer with ambient ions ((R3)-(R5)):
Note that charge transfer dominates over photoionization . 
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In contrast to Na and Fe, the relatively large singly charged K + ion forms only weakly bound clusters with low binding energies of <20 kJ mol À1 . These clusters can only form at the very cold temperatures of the summertime MLT, which then converts the reservoir K + into K, leading to the K summertime maximum not seen in the other metals.
The modeled K layer column density shows an increasing trend at all latitudes (Table 1) and exhibits a significant anticorrelation with temperature ( Figure 3 ). This is consistent with the increasing rate of conversion of K + to K at lower temperatures, together with the temperature-independent neutral chemistry. Both the Na and Fe column densities exhibit long-term responses an order of magnitude smaller than that of K and a strong latitude dependence of the correlation of metal atom density with temperature. These responses are, in part, consistent with the temperature dependence of reaction (R2); as temperatures decrease a larger fraction of the metal is converted to NaHCO 3 or FeOH. The varying response of Na and Fe is also caused by the latitude-dependent behavior of CO 2 , H 2 O, and O 3 and their corresponding relationship with temperature (Table S1 ), because these species are involved in the reactions which form the reservoir species NaHCO 3 and FeOH. Of these, Fe exhibits the greatest latitude-dependent relationship with temperature of the three metals (see Figure 3) ; this is likely due to the lower peak layer altitude (~85-87 km) of the Fe layer compared to the Na and K layers (90-93 km) and the resulting altitude-dependent interplay between the metal chemistry, relevant species, and temperature.
Long-Term Changes in the Modeled Metal Layer Centroid Altitude and Width
Figure 5 summarizes the long-term changes in the shape of the modeled K, Na, and Fe metal layers at fixedaltitude levels across . Overall, the changes in centroid altitude for all metals are very small, typically varying between 0 and +0.02% yr
À1
, which equates to a maximum change of <1% across the 50 year period. This is in good agreement with Clemesha et al. [2004] , who found a negligible long-term trend in the vertical distribution of the Na layer measured at São José dos Campos (23°S, 46°W) from 1971 to 2001. Similarly, the root-mean-square (RMS) widths of the metal layers exhibit no overall net change with a maximum change also <1% from 1955 to 2005.
The Solar Cycle Response of the Na and K Layers
The Observed and Modeled Na and K Metal Layers
The~11 year solar cycle (hereafter referred to as SC) describes the periodic changes in sun spot and flare activity on the surface of the Sun, and it is an important source of variation within the whole atmosphere [e.g., see Haigh, 1996; Shindell et al., 1999; Laštovička, 2005] . SC impacts are predominantly caused by changes in temperature and rates of photoionization and photodissociation.
A robust solar cycle trend analysis would include data which cover at least two solar cycles, i.e., a data set of 25-30 years. However, in this work we have had to use Na and K dayglow emissions measured by the OSIRIS (Optical Spectrograph and InfraRed Imaging System) instrument on the Odin satellite, which are converted into absolute atomic density profiles using the retrieval schemes first described in Gumbel et al. [2007] and Dawkins et al. [2014] , respectively. These near-global retrieved data sets extend from 2004 to mid-2013 and span portions of solar cycles 23 and 24. Both the relatively short time series and the fact that the solar cycle 23-24 transition was unusually quiet [e.g., Agee et al., 2010] present obvious limitations to studying the impact of the solar cycle on the metal layers. Nevertheless, the observations can be used to test the model prediction of a different SC response of the K and Na layers.
In this work, the solar 10.7 cm radio flux is used as a proxy for solar cycle activity, in addition to temperatures at 87, 90, and 95 km derived from the SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) instrument on-board the NASA TIMED (Thermosphere Ionosphere Mesosphere Energetics and Dynamics) mission satellite. Although temperature is dependent on many factors, including dynamical effects and variations in local chemical heating, there is a pronounced SC effect. Forbes et al. [2014] demonstrated the temperature variability associated with the SC using data from both WACCM and SABER. For fixed altitudes, they found that the SABER data showed a temperature sensitivity of 1-2 K/100 sfu below 70 km, compared to 3 K/100 sfu for WACCM. Above this altitude, they found that the temperature of both data sets increased: SABER showed a sensitivity of 4-6 K/100 sfu at 95 km in the range ±50°latitude, which increased to approximately 10-14 K/100 sfu at Journal of Geophysical Research: Space Physics 10.1002/2016JA022522 higher latitudes. WACCM also showed an increased sensitivity with a similar qualitative response, but the overall temperature sensitivity was weaker by a factor of 2 compared to the SABER observations. Table 4 presents the correlations between the observed (OSIRIS) and modeled (WACCM) K and Na layers and the various SC proxies. Only model data between 82°N and 82°S have been used in order to reflect the coverage extent of the satellite instrument. Additionally, point source data from the K lidar at Kühlungsborn (54°N, 12°E) are also included. All time series were normalized to the respective monthly means, and the correlation analyses were performed on the resulting monthly data sets.
The WACCM data set exhibits a weak, though statistically significant, anticorrelation between K and the temperatures at both 87 km (À0.208, p < 0.05) and 90 km (À0.215, p < 0.05). The mean correlation coefficient between OSIRIS K and the temperature at both 87 and 90 km is approximately À0.051, compared to a mean value of À0.212 for WACCM K and À0.158 for the lidar K data. While both the OSIRIS and lidar data sets indicate no significant correlation between K and temperature at 95 km (OSIRIS: +0.016, p = 0.864; lidar: +0.128, p = 0.247), WACCM indicates a significant anticorrelation (À0.260, p < 0.01). The data sets vary in their response to the F 10.7 index: both the lidar and WACCM data sets exhibit an anticorrelation of various strengths (À0.180, The correlation analyses for Na are quite different from those for K. Both the OSIRIS and WACCM Na data sets exhibit a very similar, weak positive correlation with the F 10.7 index, which is significant for WACCM only (WACCM: +0.193, p < 0.05; OSIRIS: +0.194, p = 0.081). In contrast to K, neither the OSIRIS nor WACCM Na data sets exhibit any overall significant trend with temperature at any of the three altitudes (i.e., all exhibit nonstatistically significant weak positive correlations between +0.048 and +0.178).
Explaining the 11 Year Solar Cycle Response of Observed and Modeled Na and K
The impact of the solar cycle can be divided into two categories: changes in photoionization and photodissociation rates and changes in temperature. Both changes in photoionization and photodissociation affect the K and Na metal layers equally. During solar maximum conditions, an increased rate of photoionization occurs resulting in an enhanced concentration of metal ions partly through reaction (R3) but more importantly via (R4) and (R5) due to an associated increase in the amount of ambient E region ions and the corresponding increase in the rate of charge transfer reactions. The result is that a greater proportion of K and Na are present as ions, rather than neutral atoms during solar maximum. Changes in the rate of photodissociation may also be important for the metal chemistry of the layer underside. The concentrations of atomic O and H are also higher during solar maximum, and these species convert metal compounds back to the neutral atoms, e.g.,
The critical factor in explaining the difference in the apparent solar cycle response lies in (R8), which is only relevant for the Na chemistry; the activation energy for the analogous K reaction is too high to be viable at temperatures within the MLT (see above). Thus, during solar maximum, enhanced temperatures and H atom concentrations increase the rate of (R8), leading to an enhancement of Na. There is no equivalent effect in K.
The second temperature-related dependence occurs as a result of the differences in the ion chemistry of both species as discussed in section 2.4.
The overall response of the K layer is an anticorrelation with the solar cycle; the reduced rates of photoionization and lower temperatures associated with solar minimum promote enhanced K concentrations. Although photodissociation of K reservoir species is a source of neutral K via (R1) (and thus reducing it will reduce the K), it does not appear to be as important here. While both the OSIRIS and WACCM K correlations support an anticorrelation between the F 10.7 flux and temperature, care must be taken in the interpretation, as the changes in SABER temperature at 87, 90, and 95 km are not linearly related to the solar flux alone. A schematic overview of this relationship is provided in Figure 6 .
In the case of Na, the temperature dependence of reaction (R8) results in an enhancement of the neutral Na layer during warmer solar maximum conditions. However, this is offset by the increased rate of photoionization during solar maximum. These competing effects result in little overall solar cycle response, as shown in the nonsignificant near-zero OSIRIS and WACCM Na versus F 10.7 correlation coefficients.
Summary and Conclusions
There is increasing interest in the response of the Earth's atmosphere to both solar cycle variations and longer-term changes as a result of anthropogenic climate change. To date the majority of research has focused on the impacts of anthropogenic climate change within the lower atmosphere. However, there is increasing evidence that changes in greenhouse gas concentrations are impacting all parts of the atmosphere, with the middle and upper atmosphere particularly sensitive to such changes [Plane et al., 2015, and references therein] .
In this study we have used the WACCM model to assess the long-term responses of the K, Na, and Fe metal layers within the MLT region. K is the only layer which shows significant long-term changes in column density, caused by the more efficient conversion of K + into K at lower temperatures and the relative temperature independence of the neutral chemistry which partitions K into the reservoir species KHCO 3 . In contrast, both Na and Fe have temperature-dependent neutral chemistries, so that increased conversion of their ions into neutral atoms at lower temperatures is offset by the greater stability of the neutral reservoirs NaHCO 3 and FeOH. The long-term trends in the Na and Fe column densities are much less significant; they are much more sensitive to the subtle interaction of latitude-specific changes in temperature and O 3 , CO 2 , and H 2 O within the MLT region. No significant long-term trends are evident in the centroid height and RMS widths of any of the modeled metal layers, which is in good agreement with the findings of Clemesha et al. [2004] in the case of the Na layer.
The solar cycle is one of the fundamental sources of natural variation within the Earth's atmosphere, and its influence must be understood in order to determine underlying longer-term trends. The results presented here should be treated with some caution because the observations of Na and K do not cover even one full solar cycle but a 10 year period from 2004 to 2013 (ideally, a trend analysis requires data extending over at least two solar cycles for robust conclusions to be drawn). In addition, the latter half of solar cycle 23 and the current cycle 24 are unusually quiet, which makes any solar cycle response harder to detect.
The OSIRIS and WACCM Na and K data sets were examined in response to the solar F 10.7 index and temperatures from the TIMED/SABER instrument. Both the observed and modeled data sets indicate that the Na and K
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layers exhibit different responses to the solar cycle. K shows a highly significant anticorrelation (reduced neutral K during solar maximum and enhanced K during solar minimum). Meanwhile, the Na layer displays a much less significant solar cycle response, due to the competing influences of temperature and photoionization on its chemistry.
The trends in the OSIRIS observations and WACCM data agree qualitatively but not quantitatively. The OSIRIS metal data sets show considerably more natural variability than seen in WACCM, which is likely to account for many of the differences in the absolute strengths of the trends and the correlation analyses. In addition, the WACCM solar cycle temperature response is not as pronounced as seen in the SABER temperature data; this too will contribute to the quantitative differences between the OSIRIS and WACCM trends.
Overall, the results presented here demonstrate that the unusual behavior of K compared to Na and Fe is present at diurnal , seasonal , and longer timescales (this study). The model predicts that K is the only one of these three metals that will provide a sensitive indicator of long-term changes in the MLT region.
